Introduction
Retinal dystrophies are characterized by the degeneration of vision-supporting photoreceptor cells of the retina, leading to irreversible blindness. It is a heterogeneous group of diseases that can be caused by mutations on more than 150 identified genes with diverse functions (http://www.sph.uth.tmc.edu/Retnet/home.htm). Retinal dystrophies can be classified based on whether the rod or the cone photoreceptor cells are affected first, and based on the onset and progression of vision loss [1] . Leber congenital amaurosis (LCA) is in clear contrast with other inherited retinal dystrophies in that both rod and cone photoreceptor cells are affected from the onset of the disease [1]. The second major characteristic of LCA is that the progression to complete blindness is fast, making it the most devastating form of inherited retinal dystrophies [1] . In most cases, visual handicap is diagnosed before one year of age and progresses to legal blindness in early adulthood [2] . Other signs of the disease are an extinguished or severely reduced scotopic and photopic electroretinogram, absent or diminished pupillary response to light, and nystagmus (roaming eye movements) [3] . It is a rare disease, affecting approximately 1:30,000 people worldwide but it is the first cause of inherited blindness in children [2] .
During the past 15 years, our understanding of the genetic basis of LCA has greatly progressed [1]. Today, 14 different genes causing LCA have been identified [1] . Together they are responsible for approximately 75% of LCA cases, the remaining 25% of LCA cases being caused by mutations in unidentified genes. The identified LCA-causing genes are expressed in various cell types of the retina and are involved in a wide variety of developmental and physiological pathways [1] . Because the disease is induced by mutation on a single gene, LCA patients are potentially good candidates for gene replacement therapy. In recent years, exciting results have been obtained in clinical trials for LCA caused by mutations on the RPE65 gene (LCA2), representing 3 to 16% of LCA cases [4] . Several other LCA-causing genes have received proof-of-concept validation for gene therapy in animal models [1] . We can anticipate that in the following years, patients with LCA induced by mutations on these genes will undergo clinical trials for gene replacement therapy.
In this chapter, we will concentrate on LCA13 caused by mutations in the RDH12 gene. This gene encodes for an enzyme of the short-chain dehydrogenase/reductase superfamily. It was named retinol dehydrogenase 12 (RDH12) based on its similarity with the RDH11 enzyme ( Figure 1) [5] . Gene replacement therapy is not currently available for LCA13 patients and may not be for several years. Thus, any alternative therapeutic approach would be beneficial. We will review our and other's findings regarding the function of RDH12, providing new insight into the mechanism of RDH12-induced LCA. We will discuss how understanding the role of RDH12 is allowing the development of alternative therapeutic strategies to gene replacement therapy for patients with LCA13. Finally, we will describe our encouraging preliminary results obtained in a mouse line with disrupted Rdh12 gene, using an imidazole-containing peptide derivative, which could be rapidly developed into an effective therapeutic strategy to preserve retinal structure and function in LCA13 patients. Fig. 1 . Alignment of human RDH12 and RDH11 sequences. Residue numbers are shown on the right. Identical residues are boxed. Overbars denote the two signature sequences for the superfamily of short-chain dehydrogenase/reductases [6] . GenBank™ accession numbers for human RDH12 and RDH11 are NP_689656 and CAG33461, respectively. Stretches of NH2-terminal hydrophobic residues predicted to be inserted in the membrane are underlined.
RDH12 and Leber Congenital Amaurosis
In 2004, mutations in the RDH12 gene were found in a subset of LCA patients [7, 8] . Since then, more than 30 RDH12 mutations have been found in the homozygous or compound heterozygous state in LCA13 patients [7] [8] [9] [10] [11] . LCA13 is inherited in an autosomal recessive manner and represents about 4% of all LCA cases [2] . LCA13 appears to share a common clinical picture with other types of LCA characterized by a poor visual function in early life, followed by a progressive decline due to both rods and cones degeneration [9] .
Interestingly, when compared with the RPE65-mutant retina that has a relatively well preserved structure with a disproportionate loss of photoreceptor function (as measured in 4 LCA2 patients; ages 17, 19, 19 and 23) , the structure of RDH12-mutant retina appears disrupted at much younger ages (measured in 4 LCA13 patients; ages 8, 11, 13 and 21) [12] .
A number of RDH12 mutations leading to LCA have been biochemically evaluated by expressing the mutants in cultured cells and by measuring the enzymatic activities of the recombinant enzymes [7] [8] [9] [10] [11] . These studies have shown that mutations in RDH12 result in decreased or abolished enzymatic activity due to a lower affinity for the substrate or a lower affinity for the coenzyme and/or to a decreased specific activity. In addition, most of RDH12 mutations resulted in low steady-state levels of the mutant proteins in cells [11, 13] . It was hypothesized that these mutants could be recognized as misfolded and targeted for accelerated degradation by the ubiquitin-proteasome system [13] . These studies strongly suggest that the loss of RDH12 function is the primary event causing the development of LCA13 phenotype (i.e. rapid loss of photoreceptor function and disruption of retinal structure). Thus, to determine the triggering event in LCA13 pathogenesis, and because RDH12 is an enzyme, the fundamental question is: what is the nature of the RDH12 substrate?
Enzymatic activity of RDH12
RDH12 is an oxidoreductase enzyme of the short-chain dehydrogenase/reductase superfamily [5] . Its substrate and coenzyme specificities have been elucidated in vitro [5, 14] . RDH12 was found to reduce all-trans retinal and other retinaldehydes (in cis configurations) to corresponding retinols, using the reduced form of nicotinamide adenine dinucleotide phosphate as cofactor [5, 14] . In addition, various aldehydecontaining molecules, including 4-hydroxynonenal (4-HNE), were found to be reduced by RDH12 to corresponding alcohols [14] . Thus, RDH12 has a double substrate specificity for all-trans retinal (and other retinaldehydes) and for 4-HNE (and other toxic aldehydes). In addition, the possibility that RDH12 could have other -yet unknown-substrates cannot be ruled out.
The existence of two groups of substrates for RDH12 suggests that this enzyme could have two distinct physiological functions in vivo. As mentioned, mutations of RDH12 associated with LCA resulted in a decreased enzymatic activity of RDH12, inhibiting the reduction of all-trans retinal and 4-HNE to the corresponding alcohols in vitro [7, 10, 11, 15 ].
Possible RDH12 function(s) in the retina
RDH12 is abundantly expressed in rod and possibly cone photoreceptor cells in the retina [16] [17] [18] [19] . These cells are photosensitive; they detect the presence of photons through the 11-cis retinal chromophore bound to opsin protein (forming the photosensitive rhodopsin). When photobleaching of rhodopsin occurs, light isomerizes 11-cis retinal to all-trans retinal, which then dissociates from opsin. This photoisomerization is the initial event that triggers the visual transduction pathway, activation of second order neurons, and eventually transmission of the signal to the brain. Under constant illumination, 11-cis retinal has to be replaced (recycled) and all-trans retinal has to be removed from the surrounding of opsin so that photoreceptor cells continue to have an optimum sensitivity to light. The retinoid or visual cycle is the multi-step biochemical pathway that allows the recycling of 11-cis-retinal. The retinol dehydrogenases RDH8 (expressed in photoreceptor cells) and RDH5 (located in retinal pigment epithelium cells) were shown to directly participate in this essential pathway for maintenance of normal vision [20] . A possible function for RDH12 could thus be to reduce all-trans retinal, duplicating the RDH8 function, to keep photoreceptor cells in a state of high sensitivity to light.
We proposed another possible function for RDH12 in photoreceptor cells, in relation with its ability to reduce 4-HNE [15] . Reactive oxygen species formed within the mitochondria as byproducts of the electron transport chain can directly attack polyunsaturated fatty acids and initiate an auto-amplified chain reaction of lipid oxidation in cellular membranes. This causes the degradation of polyunsaturated fatty acids into a variety of oxidized products, including short-and medium-chain reactive aldehydes such as malondialdehyde, 4hydroxyhexenal, and 4-HNE [21] . 4-HNE is the oxidation product of -6 arachidonic and linoleic fatty acids and is the most abundant and toxic end-product of lipid oxidation found in tissues [21] [22] [23] . It reacts readily with histidine, cysteine, and lysine to form Michael's adduct with these residues [24] . Oxidative modification of protein by 4-HNE leads to a variety of effects including inhibition of enzymatic activities; inhibition of protein functions; targeting of modified proteins for degradation; inhibition of protein, RNA, and DNA synthesis; cell cycle arrest; and apoptosis [21, 22, 25, 26] . When 4-HNE is reduced to the corresponding alcohol dihydroxynonene, its ability to form toxic adduct with proteins is abolished. Thus, we proposed that a possible function for RDH12 in the retina could be to detoxify 4-HNE by reducing it to dihydroxynonene [15] .
When there is a loss of enzymatic function in cells, the substrate of the inactivated enzyme accumulates while the product of the reaction decreases. The next question is then whether it is the accumulation of substrate(s) or the disappearance of product(s), or both, that triggers the LCA13 phenotype. All-trans retinol, the product of all-trans retinal reduction, is not absolutely required for visual function because it is constantly supplied to the retinal pigment epithelium cells from the circulating blood. Therefore the most probable hypothesis is that accumulation of the substrate (all-trans retinal) rather than lack of product (all-trans retinol) might cause the retinal phenotype in LCA13 patients. Dihydroxynonene, the product of 4-HNE reduction, is not known to mediate any crucial biological function therefore in this scenario also, it seems that accumulation of the toxic substrate (4-HNE) rather than lack of product (dihydroxynonene) would cause the LCA13 phenotype.
Utilization of the Rdh12 knockout mouse to determine the physiological substrate of RDH12
Identifying possible substrates for an enzyme in vitro is not enough to demonstrate that they are physiological substrates. In vivo, other considerations such as the localization and concentration of substrate relative to that of the enzyme are very important. Locations of the enzyme and substrate have to overlap and the substrate concentration has to be within a specific range for the enzymatic reaction to take place in vivo. The next step is thus to determine if there is accumulation of all-trans retinal and/or 4-HNE in the retina, in absence of RDH12. Mice with disrupted Rdh12 gene have been generated [16, 19] and they have been useful to determine what substrate of RDH12 accumulates in the retina.
After bleaching of rhodopsin, a moderate delay in all-trans retinal clearance was found in the Rdh12 knockout retina [19, 27, 28] . To explain the existing but surprisingly small delay in all-trans retinal clearance, it has been argued that RDH12 is located only in the inner segment of photoreceptor cells, while rhodopsin is located only in the outer segment. Thus, it was proposed that instead of participating directly (with RDH8) to the reduction of all-trans retinal released in the outer segment, RDH12 could reduce only a small portion of all-trans retinal overflowing to the inner segment after bleaching of rhodopsin [27, 28] .
In our study, we found that retinas of both albino [15] and pigmented Rdh12 knockout mice ( Figure 2 ) accumulated more 4-HNE-modified proteins than the corresponding wild-type animals on the same genetic background. As shown in Figure 2 , pigmented knockout mice have significantly more retinal 4-HNE-protein adduct than the wild-type when exposed to bright light, a condition that induces oxidative damage. Similarly, in the BALB/c albino mice, 4-HNE-protein adduct was 60% higher in Rdh12 knockout than in wild-type retinas in 2-month old animals raised under dim cyclic light [15] . These results support the hypothesis that 4-HNE is a physiological substrate of RDH12 in rod inner segments. knockout mice were raised under dim (5-10 lux) cyclic light for 8 weeks. Control wild-type (WT) and knockout (KO) mice were killed 5 h after the (dim) light started. Light damaged (WT LD and KO LD) mice were killed after 48 h exposure to bright light (3,000 lux), without prior dilation of the pupils. Dissected retinas were homogenized in T-PER buffer (Pierce), according to the manufacturer's instructions. Protein concentrations were measured and dot blot analyses were carried out as described to quantify retinal adduct [15] . Equal aliquots (5 g) of retinal protein were applied to a 96-well dot blot apparatus (Bio-Rad) and then transferred to a nitrocellulose membrane by vacuum filtration. Sample loading was monitored by staining the membrane with Ponceau red (Sigma). Membranes were blotted over night with a 1:1000 dilution of anti-HNE antibody coupled with horseradish peroxidase (abcam). Signals were quantified using SuperSignal West Femto Chemiluminescent Substrate (Pierce) and the digital Kodak Image Station 4000R. Error bars denote SEM and Student's t test was used for significance. NS, not significant (p>0.05); ***, p<0.0001.
The conclusion of these studies is that at least two physiological substrates of RDH12 coexist in photoreceptor cells; namely all-trans retinal and 4-HNE. The clearance of both of these substrates is delayed in the Rdh12 knockout retina and it is now of crucial importance to determine which one, or if they can both, trigger the LCA13 phenotype.
Limitations of the Rdh12 knockout mouse model to determine what substrate mediates photoreceptor damage
The main limitation to further determine whether accumulation of all-trans retinal or accumulation of 4-HNE is the triggering event in LCA13 is that, unlike LCA13 patients, the Rdh12 knockout mouse does not develop a retinal phenotype [16, 19] . Thus the Rdh12 knockout mouse is not an appropriate model for LCA13. We propose two possible explanations for the differences between mouse and human phenotypes.
Perhaps in mouse -but not in human-another enzyme is compensating for the loss of RDH12
In addition to RDH12, RDH11 and RDH13 are located in the inner segment of mouse photoreceptors. RDH11 and 12 are integral membrane proteins. Both enzymes are inserted in the membrane through a stretch of ~20 NH2-terminal hydrophobic residues (Figure 1) [5, 29] . RDH13 does not contain this stretch of hydrophobic residues and is a peripheral membrane protein. In previous studies, we showed that RDH11 is localized in the Golgi apparatus in spermatocytes [29] and in various cultured cells (unpublished observation). We performed a subcellular fractionation of mouse retinal tissues through ultracentrifugation on sucrose gradient [30] . RDH12 was found in Golgi-and endoplasmic reticulum-enriched fractions and RDH11 was detected only in the Golgi-enriched fractions [31] . Another study showed that RDH13 is a mitochondrial enzyme, localized within the intermembrane space, and associated with the inner mitochondrial membrane [32] . These different subcellular localizations suggest a specific role for RDH13 in the mitochondria, another specific role for RDH12 in the endoplasmic reticulum, but a possible redundant function for RDH11 and RDH12 in the Golgi. In the Rdh12 knockout mouse photoreceptors, RDH11 may functionally compensate for RDH12 because these enzymes have overlapping localization and they have similar enzymatic activities and substrate specificities [17] . In humans on the other hand, RDH11 may not be expressed in photoreceptor cells [5] and thus may not compensate for the loss of RDH12 activity, possibly explaining the more dramatic phenotype in LCA13 patients.
Perhaps bright light is triggering the phenotype resulting from disruption of RDH12 enzymatic activity
Patients with LCA13 show an early disruption of their retinal structure [12] . The distorted laminar architecture of RDH12-mutant retinas seems to be a specific feature of some subtypes of LCA [12] . It has been suggested that such dysplastic retinal response could be triggered by some forms of photoreceptor damage induced by environmental conditions [12] . For example, light exacerbates the retinal dysplasia in a mouse model of LCA caused by CRB1 mutations (LCA8) [33, 34] . Interestingly, the Rdh12 knockout mice do not have a retinal phenotype when they are raised under a controlled dim (5-10 lux) cyclic light environment [15, 16, 19] . However, when they are challenged by exposure to bright light (3,000 lux for the Rdh12 knockout mice under the BALB/c background), the Rdh12-null photoreceptors appear significantly more sensitive than the wild-type cells to light-induced apoptosis [15, 19] . Since Rdh12 knockout photoreceptors degenerate only after exposure to bright light but do not have a spontaneous degeneration when raised under controlled dim cyclic light, it is possible that similarly, the LCA13 patients have retinal degeneration because they are regularly exposed to very bright light intensities (i.e. outdoor light during a sunny day). Anticipation of dysplastic retinal response and greater understanding of the pathway that triggers it could lead to specific therapy to prevent this process in LCA13 patients. Without such prevention, the amount of salvageable retina might quickly become so low that any gene replacement therapy would not be worth attempting.
It is likely that the compensation by other RDHs combined with the controlled lighting environment, and anatomical differences between mouse and human retinas explain the absence of retinal phenotype in the Rdh12 knockout mouse, as opposed to the dramatic phenotype in LCA13 patients. In any case, it is difficult to use the Rdh12 knockout mice to determine what substrate of RDH12 accumulating in absence of enzyme induces a retinal phenotype, because there is no phenotype. Retinal damage can be induced by exposure to bright light but this treatment exacerbates the production of both substrates of RDH12 simultaneously so it is impossible to distinguish which one triggers the hypersensitivity of Rdh12-null photoreceptor cells to light-induced damage. In addition, we cannot exclude the alternative possibility that the hypersensitivity to light of the Rdh12-null photoreceptors is not the specific result of accumulation of RDH12 substrate(s) but rather due to a non-specific effect of the gene inactivation.
Alternative strategy to determine what substrate mediates photoreceptor damage
An alternative strategy is to experimentally induce the production of all-trans retinal and 4-HNE simultaneously by exposure of the Rdh12 knockout mice to bright light, while at the same time decreasing the level of 4-HNE using a molecule that can specifically scavenge 4-HNE and lower its concentration in the retina (Figure 3 ). This strategy allowed us to distinguish the relative participation of each substrate to the photoreceptor hypersensitivity to light. Carcinine (-alanyl-L-histamine) is a natural imidazole-containing peptide derivative that has antioxidant properties and can scavenge reactive aldehydes produced by lipid peroxidation [35, 36] , thus preventing them from reacting with cellular proteins (manuscript submitted for publication). We have shown that intravitreal injection and systemic administration of carcinine protect wild-type photoreceptors from light-induced damage (manuscript submitted for publication). Photoreceptors are the first retinal cell type to show signs of damage after exposure to bright light. Light-induced apoptosis of photoreceptor cells is preceded by an increase of oxidative modification of retinal proteins [17, 37] and can be blocked by various types of antioxidants [38] [39] [40] including carcinine (manuscript submitted for publication). As shown in Figure 4A , without carcinine treatment (phospate buffered saline-injected eye), exposure of wild-type mice to bright light induces a decrease of rod-mediated visual function by approximately 50% for both a-and b-waves (black bars). As expected, the Rdh12 knockout mice are more sensitive than the wild-type to light-induced damage, as shown by the 80 to 90% decrease of rod-mediated visual function for both a-and b-waves under the same conditions of light exposure (white bars). This result is consistent with previously published studies showing hypersensitivity of these knockout mice to light-induced damage [15] .
Carcinine is expected to prevent light-induced damage mediated by oxidative stress and lipid peroxidation in photoreceptors. As shown in Figure 4A , with carcinine treatment (carcinine-injected eye), exposure of wild-type mice to bright light induce the decrease of rod-mediated visual function to about 25% loss instead of 50% loss without carcinine. In the Rdh12 knockout mice, carcinine completely prevents the decrease of rod-mediated visual function. The remaining rod-mediated visual function after light damage goes from 10% without carcinine to 100% with carcinine, demonstrating a considerably beneficial effect of carcinine in these mice. The reason(s) why carcinine seems to protect more efficiently Rdh12 knockout than wild-type photoreceptors is unknown. However, we can speculate that the disruption of Rdh12 creates a "mild stress" in photoreceptors, inducing maybe some alternative protective mechanisms. The combination of enhanced compensatory protection and carcinine protection could be a possible explanation for this apparent higher efficiency of carcinine in the knockout than in the wild-type photoreceptors.
As shown in Figure 4B , cone-mediated visual function is more affected in the knockout than in the wild-type mouse by exposure to bright light (in phospate buffered saline -injected eye), and complete protection was provided by carcinine in both wild-type and knockout mice (carcinine-injected eye).
The fact that carcinine completely prevents light-induced damage in the Rdh12 knockout mouse photoreceptors strongly suggests that the damage induced by light is mostly -if not only-mediated by oxidative stress and lipid peroxidation products accumulating in the Rdh12 knockout photoreceptor cells. However, a mirror experiment in which all-trans retinal is specifically lowered independently of 4-HNE would further confirm our conclusion, if there was no protection. To specifically lower all-trans retinal independently of 4-HNE, a possible approach could be to overexpress the RDH8 enzyme in the Rdh12 knockout photoreceptors because, as we have shown before, 4-HNE is not a substrate of RDH8 [29] .
Fig. 4. Carcinine protects visual function against light-induced damage in wild-type and
Rdh12 knockout mice. BALB/c mice were raised in dim cyclic light for 8 weeks. Each mouse was injected intravitreally in one eye with 1 l phospate buffered saline (PBS) and in the other eye with 1 l of 2 M carcinine diluted in PBS. Mice were returned in dim cyclic light for 48 h before light damage was initiated. Light damage was then induced in mice by 5 h exposure to 4,000 lux of white fluorescent light. After light exposure, mice are returned in dim cyclic light for 7 days to allow the retina to clear all dead cells. A. Scotopic electroretinographies were performed using saturating flash intensity. The a-and b-wave amplitudes of wild-type (black bars) and Rdh12 knockout (white bars) are plotted to quantify rod-mediated visual function. B. Photopic ERGs were then performed to measure cone-mediated visual function. The a-and b-wave amplitudes are plotted to quantify conemediated visual function. Graphs show averaged results from 7 mice and error bars indicate SEM. Grey boxes show normal a-and b-waves recorded from PBS-injected eyes in mice that were not exposed to bright light.
Could decrease clearance of 4-HNE have toxic effects in photoreceptors?
Effects of 4-HNE in cells and its association with disease states have been increasingly well documented [23, 41] . Studies have shown that low, basal levels of the lipid aldehyde are present in cells (<5 M), and at these concentrations, 4-HNE acts as a signaling molecule [42, 43] . It can activate cell growth and survival as well as stress response mechanisms, such as mitogen activated protein kinases, detoxification mechanisms, and inflammatory response, and by this way prepare the cells to overcome acute stress (protective effects) [41] . Under conditions of oxidative stress, 4-HNE concentrations increase above physiological levels; in membranes it accumulates at concentrations of 10 M to 5 mM in response to oxidative insult [22, 23] . At such concentrations, the protective effect is lost; 4-HNE forms adduct with proteins inactivating their physiological functions, and activates intra cellular pathways promoting cell death [22, 23, 41] .
The presence of 4-HNE-derived epitopes, including 4-HNE-protein adduct, has been reported in a growing number of diseases, including diabetes, cardiovascular, autoimmune, and neurodegenerative diseases, such as Alzheimer's disease, Parkinson's disease and amyotrophic lateral sclerosis [23] . The consistently growing evidence of increased 4-HNE tissue/blood levels in a great variety of human diseases certainly suggests a pathogenetic involvement of the aldehyde in their clinical expression and possible progression [41] . Recent studies have implicated 4-HNE in the pathogenesis of atherosclerosis and Alzheimer's disease [22, 41] .
Oxidative stress, which induces lipid peroxidation and 4-HNE production, has been abundantly described to induce photoreceptor cell death [44] [45] [46] [47] . Whether toxicity is mediated by 4-HNE and other lipid peroxidation products is unknown. We hypothesize that 4-HNE-mediated toxicity is inducing the rapid loss of vision in LCA13 patients. This hypothesis is based on the following evidences: (1) in cell culture, enzymatically active RDH12 protects against 4-HNE-induced cell death, while enzymatically inactive RDH12 does not [15, 37] . (2) Photoreceptor cells are particularly predisposed to oxidative stress because the retina has a high oxygen consumption, is chronically exposed to light, and contains several photosensitizers. This leads to an active production of reactive oxygen species. Furthermore, photoreceptors have a high content in polyunsaturated fatty acids, making their membranes particularly susceptible to lipid oxidation induced by reactive oxygen species. (3) In photoreceptor cells, 4-HNE production is induced by exposure to bright light, specifically in the inner segment, the compartment where RDH12 is located [15, 37] . (4) Disruption of RDH12 induces accumulation of 4-HNE-modified proteins in mouse retina, correlated with a hypersensitivity to acute light damage [15] .
Taken together these results show a correlation between accumulation of 4-HNE in photoreceptor inner segments and loss of visual function, suggesting a possible cause-effect relationship. The cause-effect relationship has not been demonstrated but the mechanisms of 4-HNE toxicity have been abundantly documented in other cells types and disease states.
In LCA13 patients, it is likely that the loss of retinal structure and function is triggered by accumulation of RDH12 substrate(s). Two physiological substrates of RDH12 have been identified in vitro and in vivo. In absence of RDH12, accumulation of each of these substrates could theoretically mediate unwanted effects in photoreceptor cells.
Carcinine -A possible therapeutic agent for LCA13?
If 4-HNE is indeed involved in the LCA13 disease mechanism, then carcinine would clearly be beneficial based on its antioxidant and 4-HNE scavenging activities. Additionally, we recently found that carcinine has another effect that might be of significant interest for LCA13.
Carcinine protects RDH12 from degradation
In a previous study, we have shown that exposure to bright light induces a specific decrease of RDH12 protein level in the mouse retina while the closely related RDH11 protein remains stable [17] . This effect is not accompanied by a decrease of the Rdh12 mRNA level so we hypothesized that the protein reduction was due to increased degradation rather than decreased production of RDH12 [17] . We further hypothesized that RDH12, like any other protein could be modified by 4-HNE (or maybe even more so because it has specific affinity for this molecule) and targeted for degradation [17] . Bright light would increase the endogenous production of 4-HNE and modification of RDH12, and the adduct would be quickly degraded. If not compensated by an increase in RDH12 synthesis, this would result in a net decrease of RDH12.
We used mouse retinal explants to test this hypothesis ( Figure 5 ). Incubation of mouse retinas in a media containing 4-HNE leads to a 40% decrease of RDH12 in 4 h, while RDH12 level remains stable in retinas incubated in the same media without 4-HNE ( Figure 5A ). Total 4-HNE-modified proteins were then immunoprecipitated with anti-HNE antibody and immunoblotted using an RDH12 antibody. RDH12 was immunoprecipitated by the anti-HNE antibody ( Figure 5B ), demonstrating the modification of RDH12 by 4-HNE. The 4-HNE-RDH12 adduct accumulates first (at 1 and 2 h incubation with 4-HNE) and then decreases (at 4 and 6 h incubation with 4-HNE), supporting the hypothesis that the adduct is targeted for degradation. When compared with the total amount of 4-HNE-modified protein, the modification of RDH12 does not seem to happen significantly faster than the modification of the other proteins ( Figure 5C ). This result invalidates the idea that the specific affinity of RDH12 for 4-HNE would increase the rate of adduct formation. By contrast, the decrease of 4-HNE-RDH12 adduct is significantly faster than the decrease of the total amount of 4-HNE-modified protein ( Figure 5C ). This result suggests that RDH12 is particularly unstable (compared with other proteins) when subjected to oxidative modification. At indicated times, 6 retinas were removed from incubation, immediately washed in phosphate buffered saline, and frozen in liquid nitrogen for subsequent protein preparation. Frozen retinas were homogenized in T-PER buffer (Pierce), according to the manufacturer's instructions. A. Protein concentrations were measured and immunoblot analysis using anti-RDH12 antibody was performed using 30 g of protein. The levels of RDH12 in retinal explants incubated with 4-HNE were expressed relative to those of RDH12 in retinal explants incubated without 4-HNE, arbitrarily defined as 1.0. B. Immunoprecipitation of 4-HNE-modified proteins was carried out as follow: equal amounts of protein were pooled from 6 retinas. 100 g of pooled protein were incubated with 5 l of anti-HNE antibody coupled with biotin (abcam) over night at 4 o C, in a volume of 100 l T-PER. 50 l of streptavidin agarose resin (Pierce) was then added to each sample and incubated for 1 h at 4 o C. After 3 washes with 1 ml T-PER, proteins were eluted in 50 l Laemmli buffer and immunoblot analysis of supernatant and immunoprecipitated proteins were carried out with the anti-RDH12 antibody. C. Dot blot quantification of total 4-HNE-protein adduct was carried out as described in Fig. 2 . with 2.5 g of protein. The results from B were quantified and plotted on the same graph. At each time point the amounts of adducts are expressed relative to the highest level of adduct, arbitrarily defined as 1.0. Signals were detected using SuperSignal West Pico chemiluminescent or West Femto Maximum Signal Substrate (Pierce) and quantified using Kodak Molecular Imaging Software.
Interestingly, following intravitreal injection ( Figure 6A ) or systemic administration of carcinine ( Figure 6B) , the RDH12 protein level in mouse retina is stabilized and completely resistant to light-induced degradation. In vivo, the amount of 4-HNE-RDH12 adduct was undetectable (unpublished observation) so we could not determine whether carcinine was protecting RDH12 because it was opposing the 4-HNE-modification of RDH12 or through another mechanism. Absence of detectable 4-HNE-RDH12 adduct in vivo might be explained by the fact that endogenous production of 4-HNE as well as formation and degradation of adduct is an ongoing process, by contrast with the single dose of 4-HNE applied to the retinal explants creating a detectable "pulse" of 4-HNE-RDH12 adduct.
The stabilization of RDH12 protein by carcinine could enhance its therapeutic benefits for LCA13 patients. As discussed before, the RDH12 mutants associated with LCA are not only poorly active, but are also particularly unstable. The stabilizing effect of carcinine could keep the level of mutant RDH12 high enough to allow residual RDH12 enzymatic activity in photoreceptor cells. This, in addition with 4-HNE scavenging and antioxidant properties, could preserve the retinal structure and function in LCA13 patients.
Carcinine can be administered topically for chronic treatment
Treatment with carcinine would have to be started at the time of diagnosis and applied chronically to protect against 4-HNE and oxidative damage, which are ongoing processes in cells. We have investigated various modes of administration that could be compatible with a chronic treatment and measured the resulting level of carcinine in the retina (manuscript submitted for publication and unpublished results). Interestingly, topical administration through eye drop leads to detectable levels of carcinine in the retina (Figure 7) . This result suggests that carcinine migrates from the cornea to the retina, following topical administration. The mechanisms of migration (simple diffusion versus transport) as well as the routes of migration (trans-corneal versus trans-conjonctival penetration, migration through the vitreous humor or by lateral diffusion through the sclera, etc) are currently under investigation. The possibility to administer carcinine through eye drops is promising because it is a non-invasive and particularly easy route of administration, compatible with chronic treatment. Fig. 6 . Carcinine protects RDH12 from light-induced degradation in mouse retina. BALB/c mice were raised in dim cyclic light for 8 weeks before carcinine treatment. A. Mice were injected with carcinine or PBS and exposed to bright light as described in Fig. 4 . For each group, 10 g protein extract from 6 mice were pooled (60 μg final) and immunoblotted with anti-RDH12 antibody. B. Carcinine was administered through gavage (0 or 20 mg / mouse/ day) once a day for 5 days before light exposure. Mice were then exposed to bright white fluorescent light (3,000 lux) for 4h. Retinas were immediately frozen and proteins were extracted from one retina from each mouse (4 mice per group) using T-PER reagent. Protein extracts from each mouse were individually quantified by immunoblot. RDH12 levels were normalized to -actin first and expressed relative to the level of RDH12 in retinas of dim untreated mice, defined as 100%. Graph shows average and SEM values for 4 mice per group. Student's t test was used for significance; NS, not significant (>0.05); **=p<0.001.
Fig. 7. Topical administration of carcinine leads to detectable levels in the retina.
Mice received carcinine (0.2 M) dissolved in Can-C eye drop solution (Innovative Vision Products, Inc). To analyze and quantify retinal carcinine, 2 retinas were homogenized in 1ml of cold 0.01M HCl with polytron. One g of internal standard anserine was added to the samples. Samples were extracted with acetonitrile and derivatized with phenylisothiocyanate (PITC). Samples were analyzed by high-performance liquid chromatography / mass spectrometry (Michrom Bioresources Paradigm MSRB capillary HPLC, Bruker Daltonics HCT Ultra Ion trap MS). High-performance liquid chromatography was run on column Magic MS C18, 5m, 200 A, 0.5 x 150 mm with Solvent A (0.09% formic acid, 0.01% TFA, 2% acetonitrile, 97.9% water) and Solvent B (0.09% formic acid, 0.0085% TFA, 95% acetonitrile, 4.9% water). An isocratic program (15% B for 10 min) was used. The flow rate was 20 ml/min and detection wavelength was 215 nm. An ion trap mass spectrometer (HCT Ultra PTM discovery system, Bruker Daltonics) equipped with an electrospray ion source and operating under an Esquire data analysis system was used. The spray voltage was set at 4 kV in the positive mode. The heater temperature was maintained at 300 o C. A, 0.2 M carcinine was administered in Can-C eye drop solution at 0 min and mice were killed 30 min later to collect retinas. B, Another set of mice received 0.2 M carcinine at 0 and 60 min (indicated by arrows) and were killed 30 min following the second administration (at 90 min) to collect retinas. Fig. 8 . Carcinine decreases total 4-HNE-modified protein in mouse retina. BALB/c mice were raised in dim cyclic light for 8 weeks before carcinine treatment. 0.2 M carcinine was administered in Can-C eye drop solution (1 drop each 60 min, for 6 h) and mice were kept in dim light (A) or exposed to bright light (3,000 lux) for 4 h, starting right after administration of the second drop (B). Immediately after exposure to bright light, retinas were collected. Whole retinal homogenates were prepared and equal aliquots (10 g) of retinal homogenates were analyzed by dot blot using anti-HNE coupled with HRP to quantify total 4-HNE-protein adduct. Five mice were used in each group, and the mean and SEM are plotted. Values were compared using Student's t test for significance; *=p<0.05; **=p<0.001.
Carcinine decreases the amount of 4-HNE-protein adduct in the retina
After administration of carcinine through eye drop, we found that the total amount of protein modified by 4-HNE in mouse retina is significantly decreased, both under dim and bright light (Figure 8 ). This result suggests that carcinine can scavenge 4-HNE in vivo after topical administration through eye drop. This implies that carcinine levels within the retina are adequate and that carcinine can enter the retinal cells to scavenge 4-HNE produced endogenously. Thus, carcinine could prevent the accumulation of toxic 4-HNE in RDH12mutant retinas. We predict that carcinine, administered through eye drops, will prevent light-induced retinal damage in the wild-type and Rdh12 knockout but these experiments have not been completed at this time.
Future directions

Developing therapeutic strategies
As shown by our preliminary experiments with carcinine, it is possible to start developing appropriate therapeutic strategies from the information already available on the function of RDH12. As discussed, exposure to bright light, as well as increased all-trans retinal levels, and increased oxidative damage particularly through 4-HNE modification are suspected to play a role in the disease mechanism. Accordingly, protection against these triggers can be developed with the goal to protect the retinal structure at least long enough to allow LCA13 patients to be eligible for gene replacement therapy.
Protection from light-induced damage
As discussed, the Rdh12 knockout photoreceptors are more sensitive than the wild-type photoreceptors to light damage in mouse and exposure to bright light might be a trigger for the early dysplastic retinal response in LCA13 patients. Therefore, protection against lightinduced retinal damage is an appropriate strategy.
Physical protection from bright light by wearing sun glasses should be encouraged for patients with LCA13. Compounds such as retinoid-like small molecules that provide chemical protection against light-induced retinal damage could also be beneficial [48, 49] . A number of studies have identified that photobleaching of rhodopsin is the essential trigger for retinal light damage [50, 51] . Genetically-modified mice that lack the opsin apoprotein or that have the opsin apoprotein but lack the ability to generate 11-cis-retinal are both protected against light damage [50] [51] [52] . A steady state rhodopsin level is achieved by the balance between its bleaching and regeneration. Therefore, the rate of rhodopsin regeneration is an important factor in light damage susceptibility. Fast regeneration of functional rhodopsin after bleaching increases retinal sensitivity to light damage, whereas slowing the flux of retinoids through the visual cycle increases the resistance of photoreceptors to light-induced insult. For example, slowing rhodopsin regeneration and inhibiting the visual cycle with 13-cis-retinoic acid prevents light damage in albino rats [53] . More recently, it has been shown that retinylamine provides efficient protection from light damage through a similar mechanism [48] .
Most of the small molecules inhibiting the visual cycle are structurally similar to retinoids [49] . However, we recently identified α-phenyl-N-tert-butyl nitrone, a commonly used free radical spin trap, as another type of compound with no structural similarity with retinoids that interferes with rhodopsin regeneration during continuous illumination and protects against light-induced retinal degeneration [54] . The advantage that α-phenyl-N-tert-butyl nitrone may have over these retinol-related compounds is that it is not structurally similar nor a derivative of any of the visual cycle components and therefore may not have adverse effect by interacting with retinoid receptors and other components of the visual cycle.
Protection from oxidative damage
Because oxidative damage is likely to contribute to the LCA13 disease mechanism, compounds that inhibit oxidative damage or enhance endogenous protection against oxidative damage would be appropriate candidates for LCA13 treatment.
A wide variety of antioxidants are available as oral supplementations. Specific advantages of carcinine would be to combine antioxidant and 4-HNE scavenging activities. Thus, carcinine can offer an additional line of defense against oxidative damage by decreasing 4-HNE, a secondary product of oxidative stress that mediates and amplify the oxidative damage triggered by reactive oxygen species and that was shown to accumulate in mouse retina in absence of RDH12.
In addition, the main limitation for therapeutic utilization of antioxidants in retinal diseases is usually the poor targeting of the posterior segment of the eye (choroid, retinal pigmented epithelium, and retina) due to anatomical and physiological barriers that normally protect the eye. Most molecules cannot reach the posterior segment tissues upon topical administration in the form of eye drops. Periocular or intravitreal injections are more efficient routes of administration but they are invasive procedures, which are not compatible with a chronic preventive treatment. Oral supplementation of antioxidants is usually preferred but oral bioavailability and the necessity to cross the blood-retinal barrier limits the amount of compound reaching the target tissues, and therefore limits the prevention of oxidative damage in these tissues.
Carcinine is one of the very few compounds that can reach posterior segment tissues upon topical administration (less than 10 of such compounds have been reported to date) [55] . This method of administration represents the great advantages of being non-invasive, safer because it is used locally no systemic side effects are expected, and cheaper because it is used locally the amount needed is smaller than with systemic administration than any other methods. It is also compatible with a chronic treatment that could be administered by the patients themselves, or by their parents.
Drugs that upregulate the body's natural defense against oxidative stress would also be appropriate. Reactive oxygen species are constantly generated in cells as unwanted by-products of aerobic metabolism. A wide variety of enzymatic as well as non-enzymatic cellular defense systems prevents and repair reactive oxygen species-induced damage to tolerable levels. Under ideal circumstances, the rate of production of oxidative damage should be comparable to that of its removal or repair. In LCA13, absence of the cellular defense mediated by RDH12 could perhaps be compensated by the enhancement of other cellular cytoprotective mechanisms through dietary or pharmaceutical manipulations. A wide variety of dietary polyphenols and other classes of phytochemicals have been reported to induce the expression of enzymes involved in cellular antioxidant defenses and detoxification mechanisms [56] . Such compounds would be appropriate candidates for LCA13 treatment as well.
Conclusion
Although generally described in the literature as an enzyme involved in all-trans retinal reduction, in this chapter we presented evidences for an additional detoxification role of RDH12 in photoreceptor inner segments, reducing the 4-HNE produced by lipid oxidation that takes place constantly in mouse retina. Loss of this function in patients with inherited retinal dystrophy due to mutations in RDH12 might contribute to the dramatic and early onset loss of retinal structure and function in these individuals. Our preliminary experiments with carcinine show that this compound might be beneficial in LCA13 because it has antioxidant, 4-HNE scavenging, and RDH12 stabilizing effects in the retina. In addition, we showed that carcinine can be conveniently administered through eye drops to target the retina. Additional therapeutic strategies are developed for protection against bright light and all-trans retinal toxicity. Finally, the recent impressive clinical accomplishment of gene therapy for LCA2 patients laid the ground for using similar approaches to treat various types of LCA, including LCA13.
